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INTRODUCTION

During the past contract year our laboratory has initiated several new
aspects of research dealing with the molecular biology of enteric bacterial
pathogens and their toxins. In addition, we have continued to extend our
earlier findings dealing with the enterotoxins of Escherichia ¢oli, notably
the heat-stable enterotoxin. Three studies are summarized in this report.
One has been submitted and accepted for publication. The two others are new
projects in varying stages of completion. ’

I. A new quantitative assay for the determination of the E. coli
heat-stable enterotoxin.

Enterotoxigenic E. coli causes diarrheal disease by elaborating two
different toxins: a high molecular weight, heat-labile enterotoxin (LT) and a
low molecular weight, heat-stable enterotoxin (ST). Several convenient and
sensitive in vitro assay systems are available for LT which take advantage of
the ability of this toxin to activate adenylate cyclase and elevate cAMP
levels in a variety of cell culture systems. However, the assay for ST is
based on the suckling mouse bioassay. This in vivo assay suffers from the
inconvenience of requirin~ a steady supply and processing of large numbers of
suckling mice. Furthermore, the assay is, at best, semiquantitative in that
toxin concentrations are estimated by determining the lowest serial dilution
of a culture filtrate which yields a positive secretory response in mice. We
have worked out a relatively simple ip yitro assay for ST based on the
observation that guanylate cyclase is activated by this toxin in membranes of
intestinal mucosa. Essentially one isolates intestinal cells from rats, and
after homogenization and centrifugation, the particulate fraction may be
employed for the assay of ST using a guanylate cyclase assay. Cell fractions
can be retained in the freezer for at least three months and the assay system
requires less than one hour. The assay is convenient, quantitative, about
10-fold more sensitive than the suckling mouse bioassay and can be performed
with crude culture filtrates. (The complete details of our findings along
with the appropriate literature references are given in considerable detail in
J. Infect. Dis. 149:83-89, 1984 (reprint attached).)

Most clinical and basic research laboratories and certainly the military
laboratories with which we are familiar still employ the suckling mouse
bioassay. We believe that the assay reported here will facilitate rapid
screening of samples for the presence and amount of ST and will prove to be
cost-effective.

DTIC

II. New Approaches to Bacterial Vaccines. cowy

INSPECTED

Last year we proposed to initiate studies by which we could dissect the
fine molecular structure of cholera toxin and thereby create a general
strategy by which subunit vaccines might be directly synthesized in the
laboratory. These studies not only serve to provide a novel approach to a For
vaccine development but also provide a means to understand better the &1
molecular mode of action of bacterial toxins. We have made reasonable
progress on this project during our first year of work and our results are
summarized in the following sections.
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A. Plan of Study. Cholers toxin 13 a0 85,200 Ja'tom prateln camvn&qﬁ of
the three polyoeptide chafas AL, A2 and 3 wilh m?o* Jtar wergrty 2t 22000,
5,000 and 13,500, resoectovely. A Tisulfide Sef<ze “taus tne 1] ang A7 hacey
£ form toxin sudyaft A (CT-R) wh'ih #350Cates adnacnygiently wiih &
pentameric agoresate of Bochatas, sutuit B (TTLBY. T pmiey gotf sen,estay
of Both suhuatts Nave reces~tly Seen Ceterniawd yyiag cacamntagat DNA et o
and DNA sequencing, some of which wis developed (n thty ladargtary under
previous contract funding,

The moleculer dasts for the Diological effects of (T has Deen extertively
Tnvestigated: toxin 1i1derated n the sal) Dowe) lumen by cholers vibrios
dDinds to specific epithelial cell surface receptors. Ia particulsr, tha §
subunit associates with the oligosacsNaride molety of the 2lacmg mmabrji~e
monosiatoganglios!de, GM-1. Sudsequently, subunit A estary the D'rsme
~gmhrane and catalyres tRe ADP-rihcogylalion of & ud-yi nycientide Sind g
protefn, resyliting ‘n !‘rreversidle activation of sdenylate cyclase. The
ensying increase in intracellular levels of CAMP provcie hypersecretion of
chloride, Dicarbonate and water (1,2).

Although the sequence uf phystological events tattiated dy CT Mas Dren
elucidated, the chemical dasts by which thiy protetn exerty 1fs effects
remaing undefined. Specifically, the molecuiar deteewingnts which serve to
dind CT to its receptor are largely unknown, Recognizing the imporiance of
this system 33 a sodel of receptor-ligand interactions tn geseral, and of
cardohydrate-protein dinding 1n particular, we chose this aspect of the
molecular definition of CT upon which to concestrate, “Fe snecific ob'!ectivey
of this sud-pro ect dear repeating here since they are 3stil) relatively rove!
as an experimental approach. The specific cbjectives are:

1. To create a structural mode! of the ~holera 8 subunit us?ﬂq
computer-assisted prediction of secondary structure and hydrophilicity, These
studies will help define various domatns of the CT-B sudunit and whether the,
are within or on the surface of the protein, Antibgdies to these domaing will
be raised and studied tn competitive Dinding assays.

2. To identify amino actd residues which meciate (4] receptor
recoqn1t1on. The receptor binding domain will de sought ‘n several ways.
First, a "peptice lidrary” will De constructed, E£ach entry in the lidrary..
centaining synthetic peptide analojues ta interesting rejlons of the primgry
structure as well as proteolytic fragmeats cleaved from the mative prﬁte‘n by
chemical or enzymatic meangeewill he sezmined for recprtne Sintlag Fiacsina
Secand, polyzlo~al and monoclonal antibodies 3f «nown spectficlty wil! e
assessed for ab111:y to dlock or perwit dinding of CT-3 to CMel, The aning
acids to which a *permissive antidody® binds can be uramdbiguously astigred o
noncritical role in mediating receptor recognition, Third, anti-tifatypte
antibodies t) ant1-GM-1 antibodies will be ratsed, This twmunaglatulin may
contain an “!ntermal image" of GM-1 and therefore recognize the receptor
dinding domatn of CT-B itself, Finally, mutant proteins will be “engineered”
by oligonucleotide-directed (stte-spectific) mutagenesis 20 manifest specific
alterations in the charge, hydrophilicity, secondary structure or bulk of
critical amino acid residues, The effects of these alterations upon function
will be assessed,
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B. Resylts and Discussion

1. Since the primary objective of our proposed research is to locate
and characterize the receptor binding domain of CT-B, we began our work by a
prediction nf the structure of CT-B- The amino acid sequence of CT-B
accarding to the data of Lai (2 s well as from nucleotide sequencing studies
was subjected to the hydrophilic.ty analysis of Hopp and Woods (4). Figure 1
depicts the results of this study.. Areas of greatast average hydrophilicity,
residues 30-37, 60-71 and 79-84, are predicted to reside in external portions
of the protein and to constitute potential antigenic determinants. By
contrast, hydrophobic regions, particularly 38-42, 73-78 and 85-90, are
predicted to be buried within the macromolecule or to stabilize polymeric
structure. Using the predictive rules of Chou and Fasman (5), the relative
probabilities of alpha-helix, beta sheet and beta turns were calculated,
(Figure 2) and a mode! of secondary structure proposed (Figure 3).
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2. Selection of putative receptor binding domains. The predicted
models of CT-B structure presented us with several attractive candidates for
the receptor binding domain according to several postulated criterta. First
it has been demonstrated (6) that GM-1 and its oligosaccharide moiety induce a
12mm blue shift in the fluorescence emission maximum of cholera toxin and the ,
CT-B subunit--changes which could reflect local flexibflity in local
structure. Second, critical regions of the protein may contain both
hydrophiiic and hydrophobic residues--both types of amino acids are important
in creating an appropriate microenvironment for the binding of a glycosidic
compound. Third, positively charged residues may play a fundamental role by
participating in electrostatic binding with the sialic acid moiety of GM-1.
Fourth, the active site may contain a guanidinium group since modification of
an arginine (7) abolishes binding function without disruption of secondary or
quatenary structure.

Two regions of the protein seem especially interesting since they
satisfy all of the postulates discussed above. Analogues of these regions,
. designated synthetic peptide I and synthetic peptide II (SPI and
SPII)--corresponding to amino acids 26-39 and 61-76 respectively (Figure
4)--may exhibit important functional properties and therefore constituted good
prospects for chemical synthesis. (A computer search of a library of known
protein sequences by our associate Stephen Hirschfeld highlighted the
potential importance of SPI.) The amino acid sequence 26-39 was found to be
strongly homologous with two types of human interferon, glycoprotein hormones,
LH, FSH, TSH, and hCG as well as two toxins from snakes (Figure 5). All of
these molecules have been demonstrated or postulated to bind to glycoproteins
or glycolipids. This preserved sequence suggests the existence of amino acid
residues critical for the postulated GM-1 binding site. Furthermore, the
conserved region is approximately the same distance from the amino acid
terminus in each of these molecules. To begin our structure/function studies
of the CT-B subunit, SPI was synthesized and examined.

3. Studies with SPI., The SPI peptide wa, synthesized by the
Merrifield technique (8) and the completed peptide simultaneously deprotected

and cleaved from the solid support by hydrolysis with hydrogen fluoride. The b
authenticity of the resulting peptide was confirmed by amino acid analysis.

We examinerd the potential significance of SPI by two methods: binding assays

which assess the capacity of the peptide to bind to GM-1 and blocking




experiments to detarwine 1f antibody Lo SPL cen, when baund ta the *a, act
subunit, abolish receptor dinding funciion,

The effinity of SPI for GN] was assessad by direct bDinding using
1251- gbo1¢d peptide and by competitive inhibition using nonlabeled peptide
and I+ [-Tabeled CT-B. No detectadl? affinity could be demonstrated by these
tests. Therefore, antisera to the synthetic peptide was ~licited in rabbits
by systemic immunization. SPI was prepared for {mmunization by two methods:
crosslinkage with gluteraldehyde and coupling to a carrier protein, keyhole
limpet hemocyanin. Preimmune sera were collected from New Zealand white
rabbits and the immunization protocol was carried out. (We employed 100ug of
each conjugate and 100ug of pure peptide in complete Freund’s adjuvant (1:1
v/v) administered by multiple tntramuscular and subcutaneous injecticns.
Jooster inoculations were given in incomplete Freund's adju:ant at monthly
ir.ervals and the preimmune and immune sera assessed by an ELISA methed.)
Antibodies to SPI bound intact CT-8 at serum dilutions of 1:8 at three months
and 1:64 at four months. Blocking studies, examining the functional
significance of this antisera are in progress.

In addition to these studies we have Degqun studies with a fomily of
prot~olytic fragments generated from CT-8 and other candidate peptides have
been synthesized and are also under study, We have also synthesized
conjugated and tritiates olfogosaccharide for binding studies. This work 1is
still in fts infancy but we maintain & Nigh level of enthusiass adout its
eventual success.

I11. Studie; on the putative enterotoxin of Salmonella tyohimyriym,
We proposed to examine the possible relationship between the reporied cholera-
1ike toxin of S. typhimurium and E. cold LT, It seemed that such a
relatfonship mIght occur since we had found a reproducible hybridization
sfgnal between certain cloned fragments of $. typhimyriym DNA and thne purified
DNA sequences encoding €., colf LT, We have purctued these studies. While
there {5 1ittle doudt that the Salmonella chromosome contains DNA sequence
which shares some degree of nucleotide sequenca homology with a short segment
of E. colf LT-specific genetic sequences, we have been unadle, despite
repeated attempts S0 §solate or otherwise demonstrate functional toxin
biosynthesis by S. typhimurium stratns, Or. J. Mekalanos o Karvard
University has sTmiTarTy Tound DNA hybridizaticn between Salmonella DNA and
cloned cholera toxin genes (personal communication). He, Tike ug, cannot,
however, demonstrate any linking of toxim activity nor isolate a functional
toxinespecifying jene *rom Salmonalla,

Because of our puzzling, yet negative, results, we have decided to
abandon this project. In its stead, we propose o examine the molecular
nature of the outer surface components of Salmonella resoonsihle for its
adherence to epithelial cells., These clones were discovered during our search
for the putative toxin gene. We find that there has been no prior
characterization of the pilf genes of Salmonella and it seems a good candidate
for further study, Complete details of these studies will be provided in our
next annual report. In addition to the genes for adherence, we are also
screening the gene library of Salmonella for genes which may go,ern the
invasive capacity of these bacteria for epithelial cells. Clearly since we
have established a "bank"™ of Salmonella DNA sequences within E, colf, 1n
theory at least, we should bde able to focus upon severa! aspects of Salmonellas
pathogenicity,
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Figure 1. Hydrophilicity profile of the CT B-subunit. Hydrophilicity average
(on & scale of +3 to -3.4) at residue x is calculated across 6 residues, from
x=3 through and inciuding x+2, according to the method of Hopp and Woods

(4). The “v" on the x-axis represents locations of cystine,
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Figure 2. Secondary structure prediction of CT-B. The relative probabilities
of alpha helix, beta sheet, and beta turn (6 high to low) are piotted against
sequence position, according to the methods of Chou and Fassman (5).




Fiaure 3. Secondary structure model of CI-8. Each amino acid residue was
assigned to either and alpha-helix {}), beta sheet (N or beta turn using the
predictive rules of Chou and Fassman (5). Two secondary structures were
equally Tikely in several cases. The position of the intra-chain disulfide
bridge is indicated,
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SPI

H2N - Ser - Tyr - Thr - Glu - Ser - Leu - Ala - Gly - Lys -
26

Arg - Gln - Met - Ala - Ile - COOH
39
SPII
HoN - Gln - Lys - Lys - Ala - Ile - Glu - Arg - Met - Lys -
o " Asn - Thr - Leu - Arg - Ile - Ala - Tyr - COOH

76

Figure 4, Synthetic peptide analogues. The amino acid sequences chosen for
synthesis of SPI and SPII are depicted an¢ their sites within the CT-8
structure illustrated.
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22-35
23-36

21-34
21-34
21-34
21-34

Figure 5
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Peptide

Cholerz B
E. coli LT-B

Alpha-2 Interferon-human
Leukocyte Interferon-human

FSH, hcG-human

TSH, LH-human

LH-sheep, LH, FSH-bovin
LH-porcine

FSH-horse

LH-horse

Ricin D, alpha chain-castor bean
Glucagon-human

Short neurotoxin 1-mid astan cobra

Short neurotoxin 1-forest cobra

Short neurotoxin 1-Stoke’s sea cobra
Short neurotoxin 1-Jameson’s mamba

Short neurotoxin 3-banded Egyptian cobra

Cytotoxin 1-forest cobra
Cytotoxin 1-Indian cobra
Cytotoxin 2-Mozambique cobra
Cytotoxin 4-Mozambique cobra

Using a

library of known protein sequences, sequence homology between CT-B and other
proteins were compared by our collaborator, Stephen Hirschfeld. The
homologies are found between proteins known to bind carbohydrate and
correspond roughly to the synthetic peptide, SPI.
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A Simple, Sensitive, and Specific Assay for the Heat-Stable Enterotoxin of

Escherichia coli

S. A. Waldmas, P. O'Haaley, S. Falkow,
G. Schoolnik, sad F. Murad

From the Depariments of Medicine and Microbiology,
Stanford University School of Medicine and Veterans
Adminisiration Medical Center, Palo Alta, California

A simple assay for the heat-stable enterotoxin (ST) of Escherichia coli was developed
on the basis of ST activation of guanylate cyclase in membranes from the intesiinal
mucosa of mice. ST activated guanylate cyclase in mucosal membranes in a linear
fashion over a 50-fold range of toxin concentrations with Mg*-guanosine 5'-tri-
phosphate as substrate. Activation of guanylate cyclase was detectable at concentrations
of ST that were five- to 10-fold lower than those resulting in increases in the ratio of

. gut weight to carcass weight of mice. This assay was used to quantify ST in ~rude and

purified samples from culture filtrates of wild-type strains and recombinant strains of
E coli containing the gene for ST. Activation of guanylate cyclase was specific for ST,
purified cholera toxin and E coli heat-labile enterotoxin did not activate guanylate
cyclase. Thus, this assay for ST is sensitive, specific, and will facilitate rapid analysis of

samples for quantification of ST.

Enterotoxigenic Escherichia coli causes diarrheal
disease by elaborating two different toxins: a high-
molecular-weight, heat-labile enterotoxin (LT) and
a low-molecular-weight, heat-stable enterotoxin (ST)
[1-5]. Several convenient and sensitive assays are
available for LT that take advantage of the ability
of this toxin to activate adenylate cyclase and
clevate levels of cyclic adenosine monophosphate
in a variety of cell culture systems {6, 7]. However,
the assay for ST is based on the suckling mouse
bioassay originally described by Dean et al [8] and
modified by Gianella [9). This assay has the in-
convenience of requiring a steady supply and pro-
cessing of large numbers of suckling mice. Fur-
thermore, the assay is semiquantitative in that
toxin concentrations are estimated by determining
the lowest serial dilution that yieids a positive sec-
retory response in mice [10]. Here we report a
simple assay for ST based on the observation that
guanylate cyclase is activated by this toxin in mem-
branes of intestinal mucosa [11-13]. This assay is
(1) convenient, permitting the processing of large
numbers of samples quickly; (2) quantitative,

Received for publication May 12, 1983, and in revised form
September 13, 1983.

This work was supported in part by grants AM 30787 and
HL 28474 from the National Institutes of Health and by funds
from the Veterans Administration.

Please address requests for reprints to Dr S. A. Waldman,
Department of Medicine, Stanford University School of Medi-
cine, 3801 Miranda Avenue, Palo Alto, California 94304,
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allowing direct estimation of toxin levels in a
sample; and (3) about 10-fold more sensitive than
the suckling mouse bioassay. Some of these obser-
vations have been reported in abstract form [14].

Materials and Methods

Tissue preparation. Male Sprague-Dawley rats
(weight, 200-250 g) were killed by decapitation; the
jejunum and proximal third of the ileum were re-
moved and rinsed with ice-cold (4 C) 0.25 M Tris-
HCI (pH 8.0), 1 mM EDTA, and | mM dithio-
threitol (sucrose buffer) {13). Mucosal scrapings,
obtained with the edge of a glass slide from one to
three rats, were pooled and homogenized in suc-
rose buffer at 4 C. Homogenates were centrifuged
at 105,000 g for 60 min to separate supernatant
from particulate fractions. Particulate fractions
were divided into aliquots and stored at -70 C;
each aliquot was frozen and thawed one time only.
Under these conditions mucosal membranes re-
tained the ability to respond to ST for at least 12
weeks.

Guanylate cyclase assay. Guanylate cyclase
activity was determined in 100-u] reaction mixtures
containing 2-200 ug of membrane protein in 50
mM Tris-HCl (pH 7.6), 10 mM theophylline, 7.5
mM creatine phosphate, 20 ug of creatine phos-
phokinase (160 units/mg), | mM guanosine 5-
triphosphate (GTP) and 4 mM MgCl, [15]. Assays
were initiated by adding Mg*-GTP and then
incubated at 37 C for the indicated times in the




presence or absence of various toxin preparations,
crude-culture filtrates, or control buffers. Incuba-
tions performed in duplicate or triplicate were
terminated by the addition of 0.9 mi of cold (4 C)
50 mM sodium acetate buffer (pH 4.0) and sub-
sequent heating for 3 min at 95 C. The amount of
cyclic GMP (¢cGMP) formed was determined by
RIA (13, 15, 16].

Suckling mouse assay. Newborn Swiss-Web-
ster suckling mice, one to three days old, were ran-
domly divided into groups of three or more [8, 9].
Each mouse was inoculated orally with 10-50 ul of
various toxin preparations, crude-culture filtrates,
or control buffers. Mice were killed by cervical dis-
location 3 hr after inoculation, and the gut, from
the stomach to rectum, was removed. The guts and
remnaining carcasses from each group of three mice
were pooled and weighed. The ratio of gut weight
to carcass weight (G/C ratio) was calculated.

Toxin and bacterial strains. - The preparations
of toxins and bacterial strains used in these studies
are summarized as follows. Partially purified ST
was provided by Dr Richard Greenberg, Washing-
ton University, St Louis. This toxin was purified
from E coli strain Cl4 isoiated from a child in
Brazil (the index patient) with epidemic watery
diarrheal disease [17). These preparations were
purified according to the method of Alderete and
Robertson [10] up to but not including preparative
electrophoresis.

Purified ST was provided by Dr D. C. Robert-
son, University of Kansas, Lawrence. These prep-
arations were purified from E coli strain 431 as
described previously [10].

ST was also purified from a recombinant strain
of E coli designated PSLMO004, The techniques
used to construct this recombinant strain, which
produces >10 times more ST compared to wild-
type strains, have been described previously [18].
Purification of ST was done according to the
method of Staples et al [19] up to but not including
the final step of purification on DEAE.

E coli strain 154113 was obtained from a pre-

' viously described adult patient in Bangladesh who

had watery diarrheal disease and who was subse-
quently identified as an ST producer [18]. £ coli
strains CDC-1 and CDC-2 were obtained from
adults in Mexico with epidemic watery diarrheal
disease [20].

In some studies, E coli strains were heavily inoc-
ulated into trypticase soy broth and incubated at
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37 C for 2 hr. Crude-ulture filtrates were centri-
fuged at 11,000 g for 15 min, and the supernatant
was filtered through a sterile glass filier (pore size,
0.45 um; Diaflo® membrane; Amicon Corp, Lex-
ington, Mass) to remove remaining organisms and
debris. This crude-culture filtrate was then concen-
trated 20-fold and used in experiments as indicated.

Miscellaneous procedures. Protein was deter-
mined by & modification [21] of the procedure
originally described by Lowry et al [22]. LT was
purified as previously described [23]. Cholera
toxin was obtained from Sigma Chemical Co,
St Louis. All other reagents were as described
previously {13, 15, 16].

Results

Figure 1 compares the effects of various concentra-
tions of ST on guanylate cyclase activity in intes-
tinal membranes and the G/C ratio in suckling
mice. Guanylate cyclase activity and tbs G/C ratio
increased over a 30-fold range of toxi's. Activation
of guanylate cyclase was detectable at concentra-
tions of ST about 10-fold lower than those that
resulted in increases in the G/C ratio. Also, the
concentration of ST producing a half-maximal
increase in guanylate cyclase activity was about
10-fold lower than that producing a half-maximal
increase in the G/C ratio. Similar observations
were obtained with all preparations of ST and
mucosal membranes tested.

Activation of guanylate cyclase by ST occ arred
without a time lag, and the rate of the reaction was
linear for about § min (figure 2). Subsequently, the
rate of the reaction declined and a plateau in basal
and ST-activated activity was observed. In con-
trast, a measurable increase in the G/C ratio due to
ST requires 2-3 hr in suckling mice [9]. Activation
of guanylate cyclase by maximally stimulated con-
centrations of ST was observed over a 10-fold
range of membrane protein concentration used in
the assay (table 1).

The specificity of guanylate cyclase activation by
ST was investigated using purified cholera toxin
and E coli LT. Incubation of these toxins with in-
testinal membranes resulted in guanylate cyclase
activities that were comparable to basal activity —
that is, five- to six-fold lower than ST-stimulated
activities (data not shown).

The ability to retain biologic activity after heat-
ing is an important characteristic of ST [1-$, 9].
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Figure 1. Dose response of guany-
late cyclase activation in intestinal
membranes or secretion in suckling
mice by £ coli ST. Ten microliters of
the appropriate dilution of ST partial-
ly purified from £ coli strain C14 was
introduced into assays of guanylate
cyclase of intestinal membranes (200
ug of membrane protein per assay) or
suckling mice. Assays were performed
as indicated in Materials and Methods.
Each point represents the mean + SE
of at least three determinations; (O)
= guanylate cyclase activity; (&) =
ratio of gut weight to carcass weight.

35;

pmoles cGMP/min/mg protein

‘We tested the effects of heat on the'ability of ST -

to activate guanylate cyclase in membranes of in-
testinal mucosa (table 2). Toxins from several
strains were incubated at room temperature (about
24 C), 65 C, or 100 C for 15 min and then added
to the guanylate cyclase assay. Heat treatment even
to 100 C did not alter the ability of toxin from
E coli strains PSLMO004 and C14 to produce maxi-
mal activation of guanylate cyclase. However, toxin
from E coli strain 431 demonstrated a small but
statistically significant decrease in its ability to
activate guanylate cyclase.
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Figure 2. Time course of activation of guanylate cyclase
by £ coli ST. Ten microliters of a 1:20 dilution of ST
partially purified from £ coli strain C14 was iniroduced
into assays of guanylate cyclase. Assays were conducted
for the times indicated. Each point represents the mean
+ SE of at least three determinations; (A) = ST-positive
sample; (@) = ST-negative sample.

1:100 1:10

ST dilution

1:1000

- Once the optimal conditions and specificity of

the assay were defined, we used this method to de-
tect and quantify ST in a variety of sampies.
Quantification of toxin was accomplished by com-
paring the activation of guanylate cyclase elicited
by an unknown sample to that elicited by authentic
ST Thus, a standard curve of the activation of
guanylate cyclase by serial dilutions ¢ authentic
ST was generated for each experiment (figure 1).
One guanylate cyclase unit refers to the amount of
ST that elicits a half-maximal activation of
enzyme.

The amount of ST was quantified .in crude cul-
ture filtrates from several strains of E coli (table 3).
In these experiments, 10 ul of diluted culture fil-
trate was added to mucosal membranes, and
guanylate cyclase activity was determined. Enzyme
activity was converted to guanylate cyclase units by

Table 1. Effect of mucosal membrane protein concen-
tration on activation of guanylate cyclase by £ coli ST.

Guanylate cyclase activity

Membrane

protein (ug) Control ST-activated
165.0 1.26 = 0.14 4.51 = 0.12
3.0 1.70 £ 0.19 5.09 =+ 0.3t
16.5 208 £ 0.28 4.49 = 0.52

NOTE. Lataare mean + SE picomoles of cGMP produced
per minute per milligram of prozein (four determinations). Max-
imally activating concentrations of ST (strain C14) were in-
cubated with the indicated amounts of membranes isolated from
intestinal mucosa as described in Materials and Methods.




Table 2. Effect of heat on the ability of £ cold S‘l‘ to
activate guanylate cyclase in membranes of intestinal
mucosa.

£ coli strain  Temperature (T) Guanylat2 cyclase activity®

PSLM004 2 11.07 £ 0.22
T 11.00 £ 0.10

100 11.85 £ 0.16

cl4 2 9.75 + 0.13
6s 11.06 x 0.0

, . 100  10.44 £ 0.10

4l 2 10.27 £ 0.12
63 © 9422048

100 8.43 £ 0.11

NOTE. Concentrations of ST that maximally stimulated
guanylate cyclase were incubated for 15 min at the indicated
temperature and then added to enzyme reactions containing
mucosal membranes. Basal activities (in the absence of ST) were

strain PSLMO004, 1.77 £ 0.11; strain C14, 1.19 £ 0.07; strain-

431, 0.87 £ 1.03.
* Data are mean t SE picomoles of cGMP produced per
minute per milligram of protein (three determinations).

comparison with a standard curve. ST could not be
detected in filtrates from strains producing only
LT, which is in close agreement with data presented
above and previously [9, 24, 25]. ST could be de-
tected in filtrates of both recombinant and wild-
type strains producing ST toxin. Furthermore, the
amount of guanylate cyclase activation observed
and ST detected corresponded to the dilution of
the sample. Thus, the amount of ST (in guanylate
cyclase units) detected was appropriately propor-
tional to the amount of sample assayed.

We also used this assay to detect ar.d quantify '

ST in samples obtained during purification of this
toxin (table 4). Purification of ST from culture fil-
trates of strain PSLMO00O4 was performed as de-
scribed previously [19] up to and including the first
gel filtration step on Sephadex® G-25 (Pharmacia
Fine Chemicals, Piscataway, NJ). ST was quanti-
fied by comparing the ability of the samples and
authentic ST to activate mucosal guanylate cyclase.
At each stage of purification, the amount of ST
detected was proportional to the amount of sample
assayed, in agreement with data presented above.
Also, this assay was used to detect the elution posi-
tion of ST after gel filtration chromatography on
Sephadex G-25 (figure 3). The profile of guanylate
cyclase activation comgares favorably with that of
secretion elicited in suckling mice by each fraction.
Therefore, this assay is useful for quantifying and
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detecting ST in samples at various stages of purifi-
cation.

Discussion

The activation of guanylate cyclase by ST in mem-
branes isolated from intestinal mucosa is well doc-
umented [11-13, 26). This activation is unique
since it is highly specific for particulate guanylate
cyclase only in intestinal mucosa [11-13, 26]. In
contrast, other toxins such as cholera toxin and
E coli LT activate adenylate cyclase in many cell
types {5-7]. Activation of guanylate cyclase by ST
has been demonstrated to increase in a dose-
dependent manner upon exposure to increasing
concentrations of the toxin {12, 13]). These consid-
erations suggested to us that the activation of
guanylate cyclase in mucosal membranes might be
useful for the detection of ST. The results reported
herein indicate that activation of guanylate cyclase
in membranes isolated from intestinal mucosa pro-
vides a reproducible assay for ST. This assay is
about 10-fold more sensitive than the suckling
mouse bioassay. To our knowledge, this is the first
report directly comparing activation by ST of in-
testinal secretion in vivo and guanylate cyclase in
vi.co.

Activation of guanylate cyclase increased in a
linear fashion over a 30- to 50-fold range of toxin
concentrations, suggesting that this assay could be
used to quantify ST directly in samples. This is
highly desirable since the current method for

Table 3. Quantification of £ cofi ST in crude-culture
filtrates of various £ coli strains.

ST

E coli strain Guanylate guanylate cyclase
(enterotoxin) Dilution cyclase activity® units/mit
None B 0 ..
CDC-1 (LD 1:2 0 0=+0

1:4 0 0+0
CDC-2(LT) 1:2 0 00

1:4 [} .
PSLMO04

SD 12 9.4 61.74 = 5.37

14 20 e
154113 (ST 122 217.6 119.84 = 15.98

1.4 1413 e

¢ Percentage increase of basal guanylate cyclase activity (1.24
picomoles of cGMP produced per minute per milligram of pro-
tein). Data are averages of at least two determinations.

t Data are means = SE of at least four determinations.
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Table 4. Quantification of £ coli ST dur'ng purifica-
tion of ST from £ coli strain PSLMO004.

Step at Total ST
which sample Guanylate guanylate cyclase
was obtained Dilution cyclase activity® units
Crude-culture
filtrate 1:5 413 23,040 = 2,520
1:10 27.1 C
Acetone
precipitation 1:100 93.8 1,518.8 + 304.8
1:200 46.5 A
Sephadex
G-25 pool  1:100 488.8 6199 = 81.4
1:1,000 200.9

NOTE. Purification of ST from E coli strain PSLM004 was
conducted according to the method of Staples et al {19].

* Percentage increase of basal guanylate cyclase activity (1.29
picomoles of cGMP produced per minute per milligram of pro-
tein). Data are averages of at least two determinations.

t Data are means + SE of at least four determinations.

quantifying ST is by determining the lowest serial
dilution of a sample that elicits a positive response
in the suckling mouse assay [10, 19]. We introduce
here a new standard unit for quantifying ST one

guanylate cyclas¢ unit is the amount of ST that
elicits a half-maximal activation of guanylate cy-
clase in intestinal membranes. Although it is an
operational definition similar to the suckling
mouse unit {9, 10, 19], the guanylate cyclase unit
has the advantage of only needing to be defined
once per experiment. Thus, a standard curve of
guanylate cyclase activation is constructed with
intestinal membranes and authentic ST, allowing
for the cyclase unit to be determined. Toxin con-
centrations in samples are then quantified by relat-
ing the activation of guanylate cyclase produced by
a measured volume of sample directly to the
standard dose-response profile. A typical guany-
late cyclase activation profile is shown in figure 1.
In this example, guanylate cyclase activation in-
creases in a linear fashion over a 30-fold range of
toxin concentration.

Using this assay, we quantified ST in crude-
culture filtrates and samples obtained during the

_purification of that toxin [19]. The activation of

guanylate cyclase elicited by a sample was repro-
ducitle and appropriately pro; ortional to the dilu-
tion of the sample (tables 3 and 4). This was true

- a, : ' +4.07
I 3r P 13
5 k .
a ; 108 5| |
: 2
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Figure 3. Gel filtration elution profile of partially purified £ co/i ST on Sephadex G-25. ST was purified from crude
culture filtrates of £ coli strain PSLMO004 according to the method of Staples et al [19] through the acetone precipitation
step. The resulting partially purified material was then loaded on a column of Sephadex G-25 (1.3 x 7§ ¢cm), and
chromatography was conducted as previously described. Aliquots (10 ul) of 1:10 dilutions of the appropriate fractions
were assayed for their ability to activate guanylate cyclase in intestinal membranes or secretion in suckling mice, as
described in Materials and Methods. Each point represents the average of at least two determinations; (O) = guanylate
cyclase activity; (A) = ratio of gut weight to carcass weight; (- - =) = OD units at 280 nm.




for crude culture filtrates, including those pro-
duced by E coli recombinant strain PSLMO004, as
well as samples at various stages of toxin purifica-
tion. Thus, quantification of ST by this method is
not limited to purified or partially purified prep-
arations. In table 4, it is interesting to note that
~90% of the total guarnylate cyclase units in the
crude culture filtrate of £ coli strain PSLMO004 was
lost in the initial stages of purification. According
to previous reports, ~80% should be recovered
with this protocol for purification [19]. However,
this protocol is successful in purifying a peptide of
18 amino acids [19) while the recombinant gene
encodes a protein of 72 amino acids [18, 27, 28].
These data suggest that this recombinant strain
may be producing a form of ST that does not
undergo the same posttranslational modification
as that produced by wild-type E coli strains used
by others. Alterations in processing may result in
ST molecules having similar physiologic effects
but divergent physical characteristics, which result
in differences in chromatographic behavio: {5, 9-
11, 18, 19, 27, 28]. These questions of posttransia-
tional processing of ST are currently being exam-
ined with recombinant strains of E coli using acti-
vation of guanylate cyclase for detection and quarn-
tification of the toxin.

In summary, the assay for detection of E coli ST
reported herein represents a significant improve-
ment over previous methods. This assay is sensi-
tive, with activation of guanylate cyclase detectable
at concentrations of ST about 10-fold lower than
that required to activate intestinal secretion in
suckling mice. Also, this assay is quantitative, with
activation of guanylate cyclase increasing linearly
over a 30- to 50-fold range of toxin concentrations.
In contrast, the suckling mouse bioassay iv only
semiquantitative [10]. When guanylate crxlase
assays are performed in conjunction with an auto-
mated RIA system [29}, quantification of ST can
be achieved in <20 min compared with 3 to 6 hr for
the suckling mouse assay. Finally, this assay is con-
venient, permitting the rapid quantification of
toxin in large numbers of samples without the need
for maintaining a supply of suckling mice.
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